Abstract: This paper describes the behaviour of two full-scale models of a portion of highway bridge slab reinforced with fibre reinforced polymer (FRP) reinforcement. The first slab was reinforced totally with carbon FRP (CFRP), and the second slab was reinforced with hybrid glass FRP (GFRP) and steel reinforcement. The models were tested under static loading up to failure using a concentrated load acting on each span of the continuous slab and the two cantilevers to simulate the effect of a truck wheel load. Load-deflection behaviour, crack patterns, strain distribution, and failure mode are reported. The measured values are compared to values calculated using nonlinear finite element analysis model. The accuracy of the nonlinear finite element analysis is demonstrated using independent test results conducted by others. The analytical model is used to examine the influence of various parameters, including the type of reinforcement, boundary conditions, and reinforcement ratio. Based on serviceability and ultimate capacity requirements, reinforcement ratios for using CFRP and GFRP reinforcement for typical bridge deck slabs are recommended.
Introduction
Deterioration of concrete bridge structures subjected to aggressive environmental conditions more likely attributes to corrosion of the steel reinforcement. This paper describes a study to replace the steel reinforcement with FRP reinforcement as an alternative solution to increase the service life of bridges. The study investigated the behaviour of two continuous full-scale bridge deck models with double cantilevers tested up to failure using a concentrat~d load to simulate the truck wheel load. The model is a cut out section from the first Canadian bridge incorporating FRP.' The first model was reinforced totally with CFRP reinforcement, while a hybrid GFRP/steel reinforcement was used for the second model. A nonlinear finite element model was performed to predict the behaviour of the deck slabs under various parameters; . including the type of reinforcement, boundary conditions, and reinforcement ratio. The accuracy of the analytical model was verified by comparing the predicted behaviour to test results conduCted by others. This paper presents an extension of the analysis to investigate the effect of various parameters on the ultimate load carrying capacity of deck slabs. The behaviour prior to cracking and after cracking, the ultimate load carrying capacity, and the mode of failure are discussed. Design guidelines for the use of CFRP and GFRP as reinforcement for bridge deck slabs are proposed.
Research significance
This study provides design guidelines for the use of CFRP and GF~ as flexural reinforcement for bridge deck slabs. Finding of the research provides recommendation for the re- inforcement ratio of each type of FRP reinforcements for typical bridge deck slabs designed aCC6rding to the Ontario Highway Bridge Design Code (MTO 1991) . The information is valuable for designers using FRP for bridge decks and for the development of the code undertaken in Canada and other countries.
Experimental program

Deck slab reinforced with CFRP
A full-scale model of a continuous bridge deck slab with double cantilever was tested (Abdelrahman et a1. 1998) to examine the behaviour and the ultimate capacity of typical bridge deck slabs totally reinforced with CFRP. The model consisted of three continuous spans of 1.8 m each and two Can. J. Civ. Eng. Vol. 27, 2000 Test 1 -1800 1800 900 I
Plan
Cross section cantilevers, with overall dimensions of 7.2 x 3.0 m and a thickness of 200 mm, as shown schematically and during testing in Fig. l. The slab was tested at three different locations. The load was applied through a 225 x 575 mm steel plate. The applied load was cycled three times every 200 kN. Test 1 of the mid-span was performed in the presence of steel straps connected to the two ends of the supporting beam to restrain the rotation and lateral movement up to a load of 600 kN. The slab was reloaded up to failure without the presence of the end restraints. The steel straps were used to simulate the effect of typical diaphragms used in bridges. Test 2 was conducted on the outer span of the continuous slab using stiffer straps up to failure. Test 3 included testing of the other outer span using the same stiffer straps used in test 2. In addition, the edges of the slab in test 3 Fig. 2 . Reinforcement details of bridge deck slab reinforced with CFRP.
Prestressed beam
were constrained using four HSS steel sections of 203 x 203 nun supported horizontally using four 25 nun diameter Diwidag bars to restrain the slab in the direction of the supporting beams as illustrated in Fig. 1 . This mechanism was used to simulate the continuity of the slab in the direction of the traffic. The slab was reinforced with Leadline CFRP bars produced by Mitsubishi Chemical Corporation, Japan (elastic modulus of 147 GPa and ultimate strength of 2250 MPa), as shown in Fig. 2 . The bottom reinforcement consisted of two 10 mm diameter Leadline bars spaced at 125 mm in the transverse direction, providing a reinforcement ratio of 0.57%, and one 10 mm diameter bar at 125 mm in the longitudinal direction, which is equivalent to a reinforcement ratio of 0.29%. The top reinforcement consisted of one 10 mm diameter Leadline bar at 125 mm in each direction. The average concrete compressive strength and elastic modulus were 59 MPa and 36 GPa, respectively. The slab was instrumented using linear variable differential transducers (LVDT) to measure the deflection of the slab ,directly under the load at mid-span. Two LVDTs were placed at the top and bottom of the supporting girder to measure the horizontal displacement and hence the rotation of the girder. PI.gauges were used to measure the concrete strain at different locations. The strain of the top and bottom reinforcement was monitored using 64 electrical strain gauges and eight Bragg grating fiber optic sensors.
Deck slab with hybrid reinforcement
The same dimensions of the previous bridge deck model reinforced totally with CFRP were used to evaluate the performance of the bridge deck slab reinforced with hybrid reinforcement (Louka 1999) . The cantilever portion of this 1#10 @125 model was built according to the reinforcement details of the Crowchild Trail Bridge constructed in 1997 in Calgary, Alberta, Canada. The load was applied through a 225 x 575 mm steel plate at a location that represents the closest point for a truck tire travelling near a barrier wall on the bridge. Two types of FRP bars were used for top reinforcement in the slab. The right cantilever, the adjacent span, and the middle span were reinforced with two 15 nun C-BAR bars spaced at 250 mm on centre in the transverse direction, resulting in a reinforcement ratio of 0.8%. C-BAR bars were produced by Marshall Industries, Lima, Ohio, U.S.A. (elastic modulus of 42 GPa and ultimate strength of 746 MPa). The top reinforcement of the left cantilever and the adjacent slab in the transverse direction consisted of two 15 mm ISOROD bars spaced at 250 mm on centre, resulting in a reinforcement ratio of 0.8%. ISOROD bars were produced by Pultrall Inc., Que., Canada (elastic modulus of 41 GPa and ultimate strength of 689 MPa). In addition, 15 mm diameter steel bars spaced at 150 mm were used as bottom reinforcement in the transverse direction, providing a reinforcement ratio of 0.67% with the exception of the right cantilever, where no bottom reinforcement was used. Details of reinforcement in the transverse and longitudinal directions are illustrated in Fig. 3 . The average concrete compressive strength and elastic modulus were 45 MPa and 30 GPa, respectively. Test 4 was conducted on the mid-span using steel straps up to failure, and tests 5 and 6 were conducted on the left and right cantilevers, respectively.
The instrumentation used to monitor the behaviour of the cantilever slab consisted of a combination of electrical strain gauges, LVDTs, PI gauges, and dial gauges. The LVDTs located on the top surface of the slab were used to measure the deflection of the slab and the supporting girder. Demec Deflection under the applied load (nun) ~ points and mechanical gauges were tised to measure the strain of the concrete surface. One L VDT was attached to tb.e end Qf each cantilever slab, parallel to the direction of thereinforcement to measure the slip of the exposed C-BAR and ISOROD bar!> located directly below the load.
Test results
Deck slab reinforced with CFRP The envelopes of the 10ad-deflectionre1ationships of the three tests of tl;le three spans are· shown in Fig. 4 . The deflection was ranging f~om 0.1.5to05mm for the three tests at a load level of250 leN, which is more than double the service load. where S is the service . load, LL is the tire load, I is the impact fraction, and L is the length in feet of the portion of the span that is loaded to produce the maximum stress in the member. The initialload-deflection was linear up to cracking, followed by a nonlinear behaviour after cracking with reduced stiffness. The nonlinearity of theload-deflection relationship was. highly pronounced for the test without end restraints owing to the presence of extensive cracks at the bottom surface of the mid-span of the slab and at the top surface close Fig. 6 . Crack pattern at the bottom surface of the tested slabs. to the supporting beams. The stiffness of the second and third tests with end restraints was similar. However, the deflection of the second and third tests was slightly higher than that of the first test, since the slabs at the support sections were already cracked from the first test. Edge stiffening of the slab in the third test did not reduce the deflection of the slab compared to the second test. However, it increased the ultimate capacity. The strain in the CFRP reinforcement was measured using conventional strain gauges and optic fibre sensors. A very good agreement between the strains measured by the gauges and the sensors is illustrated in Fig. 5 .
The first crack was observed at the bottom surface of the slab at loads of 100, 92, and 132 kN, respectively, for the three tests. This indicates that edge stiffening increased the cracking load by 40%. Crack patterns at the bottom of the slab are compared in Fig. 6 . Flexural cracks were more pronounced in the first test without the end restraints than in the second test with the end restraints. Radial cracks were more pronounced in the third test owing to the presence of edge stiffening, as illustrated in Fig. 6 . The failure mode of the three tests was punching shear of the deck slab as shown in Fig. 7 . The top surface of the failure zone had an elliptical shape with a perimeter of 25% larger than the perimeter of the loaded area. The failure load of the mid-span test was 1000 kN. Restraining the slab laterally increased the ultimate load carrying capacity by 20%. Edge stiffening increased the capacity of the slab by an additional 12%.
Deck slab with hybrid reinforcemen)·
The behaviour of the restrained mid-span of the deck slab reinforced with hybrid GFRP/steel reinforcement is compared to the restrained and unrestrained deck slab reinforced totally with CFRP and is shown in Fig. 8 . It can be seen that the behaviour of the two slabs was quite similar. The mode of failure of the interior span of both deck slabs reinforced with CFRP and hybrid GFRP/steel reinforcement was due to punching shear at load levels of 1000 and 1055 kN, respectively. The higher punching strength of the hybrid slab was due to the confining pressure created by the stiffer steel straps used for this model.
Deflection of the left cantilever was very small, less than the accuracy of the instrumentation, up to an equivalent service load of 117 kN as shown in Fig. 9 . The circumferential cracks developed at the top surface of the concrete at a load level of 330 kN caused considerable reduction in the overall stiffness, as shown in Fig. 9 . The cantilever sustained a maximum load of 875 kN and failed as a result of crushing of the concrete and extensive cracking, followed by punching shear as illustrated in Fig. 10 . The measured deflection in the right cantilever, at an equivalent service load of 117 kN, was 0.5 mm. A significant reduction in stiffness of the cantilever occurred at a load level of 500 kN, as a result of extensive cracking of the concrete and continuous slipping of the top reinforcement, as shown in Fig. 11 . The slip at service load was approximately 0.003 mm, which is significantly less than the limiting value of 0.064 mm recommended by Ehsani et al. (1996) .
Analytical model
The analytical model is based on the Anatech Concrete Analysis Program (ANACAP), version 2.1 (James 1996) . The concrete material model is based on a smeared cracking methodology. Within the concrete constitutive model, cracking and all other forms of material nonlinearity are treated at the finite element integration points. Cracks are assumed to Can. J. Civ. Eng. Vol. 27, 2000 Fig. 11 . Load-slip behaviour of the right cantilever. Deflection under the applied load (nun) form perpendicular to the principal tensile strain directions in which the cracking criterion is exceeded. When cracking occurs, the stress normal to the crack direction is reduced to zero, which results in redistribution of sb-esses around the crack. Cracks are allowed to form in the three principal di- rections, and once a crack forms it may close or reopen; this crack memory feature is essential for analysis involving load reversals. The modelling of concrete also includes residual tension stiffness for the gradual transfer of load to the reinforcement during crack fonnation. The program also accounts for the reduction in shear stiffness due to cracking and further decay as the crack opens (Gerstle 1981) . The reinforcement is modelled as individual sllb-elements within the concrete elements. Rebar sub-element stiffnesses are superimposed on the concrete element stiffness in which the rebar resides. The anchorage loss is modelled as an effective stiffness degradation of the rebar as a function of the concrete strain normal to the rebar. Verification of the ANACAP program was evaluated using a two-way slab model tested at Ghent University, Belgium (Matthys and Taerwe 1997) . The predicted load-deflection behaviour of the slab compared very well with the measured values, as shown in Fig. 12 .. The predicted punching shear failure load was only 1.2% higher than the measured value. More verification of the ANACAP program using· independent experimental results can be found in Hassan (1999) and Megally (1998) . -------------------~------------------ 
Continuous bridge deck model
Based on the confidence established in the analytical model, the analysis was extended to model the behaviour of the full-scale bridge deck slab reported in this paper. One quarter of the slab was modelled using 20-node brick elements. To focus on the slab behavio~r and remain with realistic computer execution time, the cantilever was not included for this particular loading case. The slab thickness was divided into three layers. The spacing between layers was selected to produce a finer mesh in the compression zone near the top surface of' the slab. The steel straps were modelled using a spring element. The slab was loaded up to 600 kN in the presence of the spring element and unloaded. The spring element was removed and the slab was reloaded up to failure to simulate the case without end restraints. The predicted load-deflection behaviour: of the slab with and without end restraint compared well with the experimental values, as shown in Fig. 13 . It is observed from the loadcompressive strain behaviour, shown in Fig. 14, that at a load of 1039 kN, there is a change in behaviour leading to a significant increase in the compressive strain with only a slight increase in the applied load. This phenomenon was used to identify the failure load criterion. The corresponding compressive strain at the face of the loaded area at failure was 0.0027, which is in agreement with the measured value of 0.0029 under the location of the load.
Cantilever bridge deck model
The cantilever portion and its adjacent slab were modelled to account for the continuity effect. Owing to symmetry, only one half of the slab was modelled using 20-node brick elements. The thickness of the slab was divided into three layers. The loading sequence of the' analysis accounted for various loading stages, including the stage where the prestressed supporting beams were first installed to carry their own weight, followed by the application of fresh concrete during slab casting. The predicted load-deflection behaviour of both left and right cantilevers compared to the experimental values is shown in Figs. 15 and 16 , respectively.
For the left cantilever, the predicted values were in good agreement with the experimental results up to a load of Deflection under the applied load (mm) 400 kN. At higher loads, the measured deflections were slightly higher than the predicted values. This may be attributed to local crushing at the interlace of the slab and the supporting beam observed at the bottom surface of the cantilever during loading. Consequently, the experimental neutral axis depth was reduced and the deflection values were increased. The fajlure was due to crushing of the concrete, which led to punching failure. The predicted failure load was 921 kN, which was 5% greater than the measured value. For the right cantilever, the predicted deflection values were in good agreement with the measured values up to a load of 500 kN. Under increased load levels, the measured deflection was significantly higher than the predicted values due to the large slippage that occurred in the top reinforcement and led to failure. The analysis predicted a failure load of 857 kN due to punching shear similar -to the left cantilever. The finite element model did not capture the failure due to slippage, since it assumes complete bond between the concrete and the reinforcement. Table 1 summarizes the different tests conducted on bridge deck slabs, ultimate load carrying capacity, and mode of failure.
Parametric study
End restraint
To demonstrate the effect of the boundary conditions on behaviour, three different cases were studied. In the first case no strap was used, while in the other two cases, steel straps of dimensions 90 x 12 mm and 150 x 12 mm were used to simulate the effect of cross-girders in restraining the rotation and lateral movement of the supporting girders. For all cases, the slab was reinforced with CFRP Leadline bars as bottom reinforcement with a reinforcement ratio of 0.4% in the transverse direction. The top reinforcement in the transverse direction and the top and bottom reinforcement in the longitudinal direction were set to 0.3%. The loaddeflection behaviour of the three cases studied is shown in Fig. 17 . Increase in the deflection occurred at a load level of 280 kN, which is more than double the service load. The analysis indicates that increasing the stiffness of the steel straps decreases the mid-span deflection. Increasing the strap dimensions from 90 x 12 mm to 150 x 12 mm caused a slight decrease in the deflection. The failure loads increased by 14% and 21 % by using 90 x 12 mm and 150 x 12 mm steel straps, respectively. This behaviour is due to the increase in the membrane forces induced by increasing the strap stiffness, which, consequently, increases the punching shear load capacity of the deck slab.
Reinforcement ratio
Six different reinforcement ratios of CFRP and GFRP were studied for the model under consideration. In the case of CFRP, the bottom reinforcement ratio in the transverse direction was varied from 0.3% to 0.8%. The top reinforcement ratio in the transverse direction and the top and bottom reinforcement ratios in the longitudinal directions were set to 0.3%.
The load-deflection behaviour using different reinforcement ratios of CFRP is given in Fig. 18 . Before cracking, linear behaviour was observed and the deflection was almost identical, regardless of the reinforcement ratio used. After cracking, the deflection decreased with increasing reinforcement ratio. The reinforcement ratio of 0.4% for CFRP was selected to provide an equivalent steel ratio of 0.3% based ot}. the ratio of Young's modulus of steel to that of CFRP. The behaviour indicates that the failure load increased by 8% and 25% as the reinforcement ratio was increased to 0.4% and 0.8%, respectively. Similar behaviour was observed for GFRP bars. For all cases, the failure was due to crushing of the concrete, resulting in punching shear failure.
Type of reinforcement
The load-deflection behaviour of the continuous deck slab reinforced by 0.3% steel and that reinforced by 0.4% CFRP and 1.46%GFRP as main bottom reinforcement are shown in Fig. 19 . The top reinforcement in the transverse direction and the top and bottom reinforcement in the longitudinal di- Fig. 18 . Load-deflection behaviour using different reinforcement ratios of CFRP. Deflection under the applied load (mm) rection were set to 0.3% in all cases. The load-deflection relationship indicates similar behaviour up to the load corresponding to initiation of the first crack. In the case of CFRP, the calculated failure load was 17% higher than the corresponding value for the deck slab reinforced with steel. The higher deflection observed for the case of GFRP js due to the lower elastic modulus and the low.reimorcement ratio of 03% used in the analysis for the top reinforcement, as well as the top and bottom reinforcement in the longitudinal direction.
1200,-------------------------------------
Top reinforcement Three. different cases were studied to investigate the effect of the top reinforcement on the behaviour of continuous bridge decks. The bottom reinforcement was kept constant at 1.2%GFRP in the transverse and longitudinal directions. In the first case, no top reinforcement was used in either direction. In the second and third cases, top reinforcement ratios of 0.6% and 1.2% GFRP were used in both directions, respectively. The calculated failure load for the deck slab· without top reinforcement was 677 kN. Doubling the top reiriforcement ratio increased the failure load by 4%. Therefore, it was concluded that the use of top reinforcement does not affect the ultimate capacity of the deck slab (Kuang and Morely 1992) . .
Compression reinforcement
Based on the analytical model, the influence of the compression reinforcement on the behavioUr of the cantilever bridge deck was investigated using three different cases. In all cases, the top GFRP reinforcement was set to 0.8%. The first two cases represent the left and right cantilevers reinforced with 0.67% compression steel reinforcement and without compression reinforcement, respectively. The third case assumes compression reinforcement consisting of 15.9 mm diameter GFRP bars spaced at 150 mm in the transverse direction, which represents an equivalent compression reinforcement of 0.67%. The load-deflec(:ion behaviour of the three cases is shown in Fig. 20 . Results of the analysis indicate that the presence of the bottom steel reinforcement decreased the deflections by about 20% in comparison to the case without bottom compression reinforcement. , 847 Fig. 19 . Load-deflection behavionr using different types of reinforcement. Using GFRP as bottom compression reinforcement decreased the deflection values by 13% in comparison to the case without bottom compression reinforcement. In all cases, failure occurred as a result of crushing of concrete, which led to punching shear failure. Results of the analysis indicate that the presence of steel. reinforcement increased the punching shear capacity by 8%. Using GFRP as bottom compression reinforcement did not increase the failure load.
Tension reinforcement
The effect of GFRP as top tension reinforcement on the behaviour of the cantilever bridge deck was studied using three different reinforcement ratios. In all cases, the bottom compression steel reinforcement was kept constant at 0.67%. The first case used a GFRP reinforcement ratio of 0.6%. The second case consisted of a GFRP tension top reinforcement ratio of 0.8% similar to the level used in the Crowchild Bridge, built in Calgary, Alberta, Canada. The third case had a reinforcement ratio of 1.46%, which is equivalent in stiffness to a steel ratio of 0.3% and accounts fo;r the ratio of the elastic modulus of steel to that of GFRP. The predicted load-deflection relationships of the three cases are shown in Fig. 21 . The behaviour of the cantilever slab reinforced with 0.3% tension steel reinforcement is also shown in Fig. 21 . The analysis indicates that increasing the top reinforcement resulted in a considerable decrease in the deflection. The maximum tensile strain at the top GFRP bars at failure decreased from 0.0096 to 0.0055 as the top reinforcement ratio increased from 0.6 to 1.46.
The behaviour of the case with a steel reinforcement ratio of 0.3% is identical to the case withGFRP reinforcement of 1.46% up to yielding of the steel reinforcement. After yielding of the ~steel reinforcement, the deflection increased significantly with a small increase in the applied load, as shown in Fig. 21 . The predicted failure load for the case of steel re~ inforcement was 739 kN due to punching shear in comparison to an ultimate load carrying capacity of 1006 kN for the cantilever reinforced with 1.46% GFRP. This significant. decrease in the ultimate load carrying capacity is due to yielding of steel reinforcement, which occurred at a load level of 450 kN. Cantilever deflection (mm) Fig. 21 . Load-deflection behaviour using different reinforcement ratios. The study indicates that increasing the percentage of GFRP reinforcement ratio enhanced the load carrying capacity. However, the increase in the load carrying capacity is not directly proportional to the reinforcement ratio as evidenced by the increase of 2% only of the ultimate capacity corresponding to an increase by 33% of the GFRP reinforcement ratio.
Design recommendations
Based on a more detailed parametric study (Hassan 1999) , the use of a CFRP reinforcement ratio of 0.3% as top and bottom reinforcement in each direction is recommended. Alternatively, a GFRP reinforcement ratio of 1.2% GFRP as bottom reinforcement in the transverse direction and 0.6% as top reinforcement in the transverse direction, as well as top and bottom reinforcement in the longitudinal direction, is recommended. This recommendation is for deck slabs having a span-to-depth ratio up to 15. To check serviceability requirements after cracking of the concrete, the slab in the analytical model was loaded to 300 kN, then unloaded and reloaded again to failure. Deflections, compressive stresses in the concrete, and tensile stresses in the reinforcement were predicted after' the initial load cycle of 300 kN and Service load=1l7 kN (AASHTO 1996) 2 4 6 8
Deflection under the applied load (mm) compared to the requirements of the AASHTO code (1996) . Under service loading conditions, the maximum predicted deflections for the deck slabs reinforced by the above recommendations for CFRP and GFRP reinforcement were below the limiting values specified by the AASHTO code (1/800 of the span as given in CI~use 8.9.3) as shown in Fig. 22 . The maximum compressive stresses in the concrete directly under the applied load were specified under service load conditions. The results yielded values of 0.361d and 0.28/: for the deck slabs reinforced with CFRP and GFRP, respectively, which are less than the allowable value of 0.41: (Clause 8.15 .2.1.1). The maximum tensile stresses in the bottom GFRP reinforcement under service loading conditions are less than 20% of the ultimate tensile strength. Consequently, the creep rupture problem of GFRP is not a concern. The analysis indicates that the ultimate strengths of deck slabs reinforced by the recommended reinforcement ratios of CFRP and GFRP are, respectively, 1.8 and 1.6 times greater than the strengths required by the code (Clause 8.16). According tothe AASHTO code, the minimum reinforcement that should be provided for the deck slab is 264 mm2/m, which represents a reinforcement ratio of 0.13% (Clause 8.20) . The recommended reinforcement ratios for deck slabs reinforced with CFRP or GFRP satisfy this requirement. Comparing the behavioUr of deck slabs reinforced with the recommended reinforcement ratios of CFRP or GFRP to that reinforced with 0.3% steel reinforcement shown in Fig. 22 , we could conclude the following: 1. Prior to cracking, deck slabs reinforced with the recommended reinforcement ratios of CFRP or GFRP have the same stiffness as the deck slab reinforced with steel. After cracking, the behaviour indicates a slight increase in the stiffness of the deck slab reinforced with steel up to yielding of the steel reinforcement at a load level of 380 kN, beyond which the stiffness was reduced considerably.
2. The strength of the deck slab reinforced with steel is 25% and 15% lower than the strength of the deck slabs reinforced with the recommended reinforcement ratios of CFRP and GFRP, respectively.
3. The current cost of GFRP bars is approximately twice the cost of steel. The cost of CFRP bars is highly dependent on the producer and ranges between 5 and 10 times the cost of steel. However, given the fact that the cost of the rein~ forcement is a very small portion of the overall cost of the structures, and accounting for the savings in maintenance costs during the service life of the deck slab, the cost of FRP can be comparable to the cost of steel.
Using FRP bars with the recommended reinforcement ratios ensures better durability of the deck slab, as the strain in the FRP bars is well below the creep rupture values. The fact that FRPs are non-corroding is considered to be a major justification in their use as reinforcement for such applications.
Conclusions
Based on the findings of this investigation, the following conclusions can be drawn:
1. The ultimate load carrying capacity of continuous fullscale bridge deck slab models is more than seven times the service load specified by the AASHTO code (1996) and the failure is due to punching shear.
2. Restraining the slab laterally increases the ultimate load carrying capacity by 20%. Edge stiffening increases the capacity by an additional 12%.
3. The finite element model is capable of predicting the behaviour, ultimate load carrying capacity, and mode of fail-... ure of bridge deck slabs reinforced with different types of '\FRP. 4. The presence of top reinforcement in continuous bridge deck slabs has a negligible effect on the,punching shear capacity.
5. To satisfy serviceability and ultimate capacity requirements for span-to-depth ratios ranging between 9 and 15, the use of 0.3% CFRP (fibre volume ratio of 60% or more) as top and bottom reinforcement in each direction is recommended. For GFRP reinforcements (fibre volume ratio of 60% or more), using 1.2% for the bottom reinforcement and 0.6% for the top reinforcement in the transverse direction, as well as 0.6% as top and bottom reinforcement ratios in the longitudinal direction, achieves the code requirements.
6. The punching failure load of a cantilever bridge deck slab reinforced with a tensionGFRP reinforcement ratio of 0.8% used for the bridge in Calgary, Alberta, Canada" achieves an ultimate load carrying capacity equivalent to seven times the service load specified by the AASHTO code.
7. The use of bottom compression reinforcement in cantilever bridge decks increases the punching shear capacity by an average of 10%. It also decreases the deflection and the tensile strains at failure. 
